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INTRODUCTION

Background

UPRR has been conducting site activities under the CERCLA protocol at the Ogden
Railroad located in Ogden'. Utah. Two operable units that will be addressed in the
Feasibility Study are the Northern Area OU-1 and the Ogden Rail Yard Groundwater (OU-4).
Two different classes of contamination have impacted these two areas.

« Northern Area {OU-1). The focus of this operable unit is a DNAPL zone that is
primarily composed of PAH's DNAPL impacted sediments exist in the 21% Street
Pond, a local groundwtaer “sink”.

« Ogden Rail Yard Groundwater (OU-4). Two chlorinated solvent plumes exist in the

alluvial aquifer beneath the site. In each of these plumes, vinyl chloride is the
predominant constituent of concern.

Contaminant fate and transport assessments have indicated that naturai étte'nuation
mechanisms are operting in these two operable units. This treatability testing ws performed
to support analysis of remedial alternatives that incorporates natural attenuation.

Objective

In support of the on going site remediat investigation, The Forrester Group
subcontracted Pelorus Environmental & Biotechnology Corporation to perform a series
laboratory bench scale tests. These tests were performed to determine the effect of oxygen
supplementation on the naturai occurring microbial processes that are currently contributing
to the biological component of natural attenuation. For the purposes of these tests the
primary constituents of concern (COC) are the low molecular weight PAH's, naphthalene,
methyinaphthalene and phenanthrene and the chlorinated volatile organic compound, vinyl
chloride. The microcosm tests that are the subject of this report were performed to evaluate
aerobic biodegradation of COC for two locations:

Pelorus EnBiotech Corporation ] 1
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¢ Soil and/or sediments within the vinyl chloride plume that are or that could potentially
- be impacted by future migration. '

¢ Aquifer sediemins being impacted by a DNAPL pool north of the facility, the
dominant PAH constituents being naphthalene, methyinaphthalene and
phenanthrene.

The microcosm testing performed by Pelorus Environmental & Biotechnology
Corporation focused on aerobic biodegradation because the COC's (i.e., vinyl chloride,
naphthalene, methynaphthalene and phenanthrene) are known to be biodegradable
aerobicaliy, and there is site evidence suggests that these contaminanis are naturally
attenuating to low levels in the aerobic fringe of the plumes, Microcosm tests were designed
to support two types of remedial action alternatives for the above conditions:

¢ Active bioremediation of the plumes through delivery of rate-limiting reagents to the
subsurface (i.e., oxygen as an electron acceptor). -

* Natural attenuation of the plumes, including intrinsic bioremediation of the plumes as
they discharge into aerobic groundwater zones in the immediate vicinity of the
Ogden or Weber Rivers. '

Because of the different test methods applied during the laboratory-testing program,
this report has been prepared in five sections. Following is a brief summary of the report
layout and description of the contents within each section.

Section I: Describes the preparation and characterization of site materials for the
bench scale testing. -

Section 2. Summarizes the analytical methodology used by the Pelorus project .
support laboratory to quantify the contaminants of concern during bench scale testing.

Section 3: Is a presentation of the procedures, results and conclusions of the
preliminary screening tests used to guide the subsequent microcosm testing.

Section 4: Presents the procedures, results, and conclusions of respirometer
microcosms for evaluation of enhanced PAH bioremediation,

Section 5. Presents the procedures, results, and conclusions of serum-bottle
microcosm tesis for evaluation of aerobic vinyl chioride biodegradation.

Pelorus EnBisiech Corporation : 2
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SECTION 1: CHARACTERIZATION OF SITE MATERIALS

Sample coliection for bench scale testing was performed by the Forrester Group.
Sediment cores and groundwater samples were collected on June 11, 2002 from the

designated locations within the DNAPL area and the Vinyl chloride areas of the plume. -

Sediment samples were collected from each location in two-inch plastic core barrel liners
over a depth of approximated 2 to 3 feet. The ends of the core barrels were sealed with
parafilm, capped, and taped closed with duct tape then shipped overnight to Pelorus
Environmental & Biotechnology Corporation on ice. Approximately 2.0 liters of impacted
groundwater was collected in unpreserved amber bottles with zero headspace. Bottles were
secured in plastic bubble wrap placed on ice coolers and shipped on ice. All samples were
received in good condition by Pelorus Environmental & Biotechnology Corporation on June
13, 2002. Table 1 below defines the sample desighations as received from the field
sampling team.

Table 1. Sample locations and designations of materials collected for bench testing.

LOCATION SAMPLE TYPE SAMPLE DESIGNATION

) 33-B85
Sediment , 33-B86

DNAPL Area 33-B87
Groundwater 33-MWGEFP

34-B75
Sediment 34-876

' _ 34-B77
Vinyl chloqde Area 34-B78

Groundwater 34-0B12

Samples were stored and refrigerated upon receipt. Sediment cores for each
location were split open and the contents screened through a 40-mesh standard sieve
screen to remove large cobbles. An area composite sample was prepared with for each
location with the final composite being placed in plastic lined 1.0 gallon paint cans that were
sealed labeled and stored refrigerated at 8 to 10° C until needed. The oversize sediment

Pelorus EnBioiechk Corporation 3
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core reject material was rinsed with sterile water to remove locsely bound fine materials and
associated contaminant and stored in amber bottles under refrigeration.

Sample characterization was limited to an anélysis for target contaminant levels, and |
specific microbial population-densities to determine the characteristics of the indigenous
populations. Table 1-2 summarizes the results of baseline analysis of composite sediments
for target constituents. PAH analysis was performed according to EPA method 8270
guidelines using a base/neutral micro-extraction protocol (see Section 2). Sediment vinyt
chloride levels were estimated by headspace analysis of an aqueous sediment extract.

Table 2. Baseline contaminant levels in composite materials prepared for bench scale
biodegradation testing. _

ANALYTE DNAF('II:n;oKrg)p)OS|te Vinyt chi?nr:g?Kgn):mposue
Total PAH 35.00 ND
Naphthalene 7.28 ND
2-Methyl Naphthalene 9.64 ND
Phenanthrene 5.8 ND
Vinyl chloride ND 0.00178

Analysis of groundwater samples was not performed. This decision was predicated
on the fact that groundwater samples from the site would be aerated and sterilized prior to
use in bench scale tests essentially stripping volatiie and semi volatile constituents.

Therefore, baseline levels would be determined from the analysis of the sterile control initial
time points of the respective bench tests.

Microbial plate counts were performed to determine the indigenous population
densities of PAH (i.e., naphthalene, 2-methyl naphthalene and phenanthrene) utilizing and
vinyl chioride utilizing microorganisms. Sediment samples {~10 grams) were suspended in
100 milliliters of sterile phosphate buffer (pH 6.5) and agitated for 15 minutes. The liquid
phase extract was then subjected to a 10-fold serial dilution series out to the 102 dilution and

Pelorus EnBiotech Corporation - 4
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then plated onto mineral salts agar medium. For enumerating vinyl chloride degraders a low
buffering mineral salt medium supplemented with a pH indicator dye was used. As i}inyl
chloride degrading colonies grow, they release the -chlorine atom into the surrounding
medium causing a localized pH drop (i.e., HCI production) that resuits in a color change of
the medium around the growing colonies. Volatile substrates (i.e., naphthalene, 2-
methylnaphthalene and vinyl chloride) were provided in the gas phase using gas tight
chambers with an oxygen atmosphere. Phenanthrene degraders were enumerated by |
spraying an ethereal solution of PAH substrate over the surface of the inoculated plates

generating a thin film of phenanthrene on the agar surface.  Table 1-3 summarizes the
results of these analyses.

Table 3. Summary of specific contaminant degrading microbial population densities.

Substrate DNAEIf'Uf%?_;nrﬁ osite chloridevgg:nposite
Cfu/gram
Naphthalene (NP) 5x 10° ND
2-Methylnaphthalene (2MNP) 8 x 10° ND
Phenanthrene (PHN) 3x10° ND
Vinyt chloride (VC) ' ND 2X10°

The PAH degfading' microorganisms produced good-sized colonies (2-3 mm
diameter) on the agar medium with the specified PAH as the sole source of carbon and
energy. Phenanthrene utilizers produced clearing zones around the colonies where the
substrate had been solubilized and taken up by the colony for growth. Some of the colonies
produced a tan to dark brown pigment resulting from degradation by products (i.e., -
catechol). Vinyl chloride enumeration was not straight forward as the colonies produced ‘
were very small (<< 1.0 mm diameter) colonies. However, some of these microcoloriies
produced a color change in the agar media immediately around the colony. This color
change was visible before the colonies themselves could actually be visualized. Therefore,
vinyl chloride enumerations are based solely on those colonies that actually caused a color
change in the pH dye indicator.

Pelarus EnBiotech Corperation 5
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SECTION 2: BENCH SCALE ANALYTICAL METHODS

This section summarizes the sample preparation methods and analytical procedures
used to determine the extent of target constituent biodegradation during bench scale testing.
The analytical methods used by Pelorus have been developed and validated by the Pelorus
Prpject Support Analytical Laboratory and are implemented under a Good 'Laboratory '

Practices program. Standard Operating Procedures are published for all test methods and
are available upon request.

Polycyclic Aromatic Hydrocarbon (PAH) Analyses

PAH constituents present in DNAPL area sediment samples where extracted using a
micro-extraction procedure. The liquid content of the test systems were decanted into a
separate zero headspace container and 5 to 10 grams of sediment where removed. The
sediment was placed in a 40 ml extraction vial and mixed with an equivalent mass of
anhydrous sodium sulfate. Fifteen milliters of 10% acetone in methylene chloride was
added, and the vial then sealed with a Teflon lined cap. The samples were then agitated for
1.0 hour on a rotary shaker to completely mix/disperse the sediment with solvent. The
solvent was removed and placed in a soivent evaporation tube and the sediment was
extracted with a second volume of soilvent. The pooled solvent extract was reduced to
approximately 1.0 milliliter of volume under a gentle vacuum sparge. The extract was
added to a GC vial and the final volume adjusted to 1.5 ml.

Samples were analyzéd on an HP5890 gas chromatograph with an FID dételctorf
Analytes were separated on an Agilent DB-35MS capillary column (50 meter X 0.256mmiD X
0.25 um film). A complex mixture PAH derived from coal tar {National Institute of Standards
and Technology) was used as the Standard Reference Material (i.e., SRM 1597) to identify -
and quantify PAH constituents. A temperature program from 120°C for 8 minutes to 325°C
at a temperature ramp of 5 degrees per minute was used to separate and elute constituents.
Confirmation analyses were performed under identical gas chromatographic conditions

using an HP5871 MSD (mass selective detector) to affirm peak identifications and retention

time windows. A five point calibration curve was prepared using the PAH standard NBS

Pelorus EnBiotech Corporation . 6
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15697. A continuing calibration standard and a matrix spike was run at every time point with
each batch of samples.

Liquid phase sa.mples.' were analyzed by HPLC on a Varian Model 9360 system,
Polycyclic aromatic hydrocarbons were eluted from a Supleco Cys reverse phase column
using an acetohitrile:Water solvent system. Aliquots of aqueous phase samples were
centrifuged to remove sediment fines and 1.0 to 2.0 milliliters of sémple injected onto the
column. PAH constituents of concern were separated and eluted from the column using a
linear solvent gradient from 20% to 95% acetonitrile in water run over a 30 minute program _
Constituents were detected by UV absorbance at a fixed wavelength of 254 nm.

Vinyl Chloride by Headspace Analysis

Vinyl chloride is a gaseous substrate with a dimensionless (moI*La"!mo!*Lw"')
Henry’s constant of 49.5 at 25° C. Based on the contaminant fate and transport analysis |
performed by the Forrester Group the soil partitioning coefficient was calculated to be 0.004 '
L/kg for this site and therefore it is assumed that vinyl chloride is not appreciably adsorbed
onto site sediments. Consequently, all vinyl chloride analyses were performed by
headspace analysis. ' |

Samples of headspace were removed using Hamilton Gastight syringes ranging in
capacity from 100 ul to 2.5 mi in volume. The sample volume was a function of the
headspace concentration of vinyl chloride. Typically, a 1.0 ml volume of headspace was
flushed through the syringe by pumping the syringe three times and then injecting the 1.0 ml
headspace sample directly on column. [f the concentration was above the upper calibration
limit then a smaller voiume would be injected. In some instances, it was necessary to dilute
the headspace by 100-fold in order to quantify the viny! chloride levels. iIn these instances a
250 ul headspace sample was collected in the 2.5 mi syringe and diluted {10-fold) within the
syringe barrel by filling the remaining capacity of the syringe with nitrogen. To achieve a
100-fold dilution all but 250 ul of the 10-fold diluted sample volume was expelled and the
syringe was again filled to its nominal capacity (2.5 ml) with nitrogen. A 1.0 mi volume of the
diluted sample was injected on column for quantification of the headspace viny! chloride
levels.

Pelorus EnBiotech Corporation 7
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Analysis of gas phase samples for vinyl chloride was performed using an SRI Model
8610 gas chromatograph with a PID (Photo lonization Detector). Chromatography was
performed on a Restek megabore column (MXT-Vblatiles), 30 meter x 0.53 mm ID x 3.0 um
film. Separation and elution of constituents was performed under an isothermal temperature
program at 60° C for 5 minute followed by a thermal gradient to 220° C at 10° C per minute to
purge other constituents from the column. A gas phase calibration standard of chlorinated
ethene's was used to develop -a five-point calibration curve for vinyl chioride. The calibration
mixture was oomposed of the following constituents in mole percentage:

» Vinyl chloride 100 ppm
¢ Cis-1,2-dichloroethylene 103 ppm
e Trichloroethylene 98.5 ppm
¢ Perchloroethylene _ 101 ppm
Pelorus EnBiotech Corperation 8
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SECTION 3: PRELIMINARY MICROCOSM SCREENING

Aerobic serum bottle microcosm studies arel difficult to implement and can suffer
from oxygen limitation within the systems, especially with moderate to high organic carbon
or contaminant loading. Furthermore, levels of carbon dioxide can increase to inhibitory
levels effecting the over biodegradative performance. Repeated flushing of microcosm
headspace with air or oxygen can lead to the degeneration of the microcosm seals and
result in the loss of volatile odntaminant mass. Therefore as a prerequisite 1o testing, initial
screening experiments are pérformed to range find the optimum parameters for final test
systemn design. Samples from both site areas were subjected to this initial screening
procedure.

Experimental Design

The COC that are the subject of these microcosm tests are all known to be
'aerdbically biodegraded, and are capable of serving as the sole source of carbon and
energy to support the growth and activity of indigenous microorganisms. Therefore, these
screening tests focused on two treatments to evaluate the biodegradation potential for each
location as summarized below.

Sterile Controls.

Microcosms were prepared with sterilized soil and groundwater. Soil was sterilized
{120° C @ 15 psi for 60 minutes) by autoclaving the microcosm bottles after sediment
addition and crimp sealing them with Teflon lined septa. The botties were immersed in a
water bath and sterilized for three, one hour cycles with intermediate time intervals of three
days. This allowed for complete cooling of the sediments and the opportunity for
germination of microbial spore formers. Groundwater was steam sterilized by autociaving
@ 120° C and 15 psi for 30 minutes. Sterile groundwater was asepfically transferred to the
sterile sediment serum bottles. Groundwater was supplemented with standard solutions of
the specific COC to achieve levels that were within an order of magnitude of the
groundwater at the individual site locations.

Peforus EnBiotech Corporation : Q
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Aerobic Unamended.

Unamended microcosms represent the baseline condition prevailing at the site
locations under evaluation. They serve as a baseline reference for comparing the level of
activity that may be expecied in the absence of supplemental treatmentis with those
attainable with biological enhancements (i.e., oxygen, inorganic nutrients, organic
supplements). No additions or supplements were made to these microcosms initiaily.
However, when redox indicator resazzurin went colorless indicating available oxygen had
been depleted, air was injected to replenish the oxygen supply.

Oxyqen Amended.

Oxygen supplementatibn is demonstrated to be a poténtial remedial alternative to
enhance aerobic biodegradative processes for a wide range of organic poilutant impacted
plumes. Air sparging and peroxide addition to grolundwater are two methods available for
increasing dissolved oxygen levels and aerobic activity. Oxygen amended microcosm test

~were performed to determine the éxt_ent that biological activity could be enhanced with this

treatment alternative. Pure oxygen gas was injected into the headspace of designated
microcosms to provide an enriched oxygen environment.

Screening studies were conducted in 160 ml glass serum bottles to obtain an initial
estimate of the extent of biological activity present in the site materials and to ascertain
difficulties that may be encountered during testing. For these screening tests, sediment and
groundwater from both site areas were added to test systems at a ratio of 100 grams
sediment to 100 ml of groundwater. This is a ratio that was estimated wouid provide
reasonable results based on the limits of the faboratory analytical testing methods. In
addition, higher sediment to groundwater ratios is a better approximation of the actual in situ
condition. Homogenized sediment sample was weighed into tarred serum bottles and the
final sediment weights recorded for each bottle.

The reduced form of the redox indicator dye, resazzurin, was added to groundwater
as a means of visibly discerning that microcosms did not go anoxic during testing.
Groundwater was prepared for the active microcosms by sparging the water with air at 15°C -
to achieve a dissolved oxygen level of approximately 8.0 — 9.0 mg/L.

Pelorus EnBiotech Corporation o o 10
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For the vinyl chloride microcosms, aerated 34-OB12 groundwater was transferred to
a 2.0 - liter Tedlar bag and 3.0 ml of gaseous vinyl chioride was injected to achieve a target
liquid concentration of 4,150 ug/L. The groundwater was allowed to equilibrate with the vinyl
chioride for a period of 24 hours at 10° C prior to the contents beihg taken up into a 1.0 liter
gastight syringe. Vinyl chloride microcosm bottles previously filled with sediment were then
supplemented with 100 mis of groundwater delivered from the syringe and immediately
capped and sealed. Sterile groundwater was not aerated but was supplemented with vinyl
chloride as described. All apparatus used for preparing the sterile groundwater was
previously sterilized.

PAH microcosms received aerated 33-MWSFP groundwater that had been aerated
as previousily described. Supplementation of groundwater with a spike solution of target
PAH constituents was not performed. Once PAH microcosms had been assembfed they
were equilibrated for 5 days at 10° C prior to beginning the test.

A headspace volume' representing 10 to 15% of the total microcosm volume (i.e., 16-
20 ml) wés available as a means of supplying oxygen as well as a means of sampling for
volatile and semi-volatile constituents to measure the extent of biodegradation. The
microcosm bottles were crimp sealed. with Tefion-lined butyl rubber septa that allowed for
removal of liquid -and/or headspace samples with minimal potential for loss of volatile
constituents during these initial screening tests.

The headspace of oxygen-amended microcosms was supplemented with 10
milliliters of pure oxygen (14.28 mg} using a gastight syringe to inject the gas through the
microcosm septum. To maintain similar pressures within all microcosms, aerobic
(unamended) microcosms were injected with 10 milliliters of air while sterile microcosms
were injected with 10 mis of nitrogen gas.

Microcosms were incubated at 20° C in a constant temperature incubator. Sampling
and analysis was performed over a period of 21-days at designated time intervals (0, 1, 3 5,
7, 10, 14 and 21 days).

Pelorus EnBiotech Corporation 11
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Results & Discussion

Aerobic PAH Biodegradation Microcosms.

Active degradation of the target PAH constituents was observed in the both the
aerobic and the oxygen enhanced microcosms (Figure 1). In the Active Unamended
microcosms, 34.48% of the total 2- and 3-ring PAH present were degraded over the 21 day
test duration. The rate of PAH degradation had a first-order rate constant of -0.021 day™ or
a haif-life of 33 days (T2 = 0.693/k). During the test the Active Unamended microcosms
went anaerobic within 3 days as determined by the change in the redox indicator dye. On
each sampling day 10 milliliters of headspace was exchanged with fresh air in an attempt to
simulate the natural oxygen recharge that may occur under natural conditions in situ.
However, only slight changes in redox indicator where observed and for very short durations
(i.e. 24 hours).

As indicated by the trend analysis in Figure 1, the oxygen supplemented microcosms
exhibited higher rates of biodegradation yielding higher PAH degradation efficiencies
(99.84%). The first order aqueous phase rate constant for PAH degradation calculated from
this data is equivalent to - 0.3839 day™ or a half-life of 1.8 days. \/irtually all of the aqueous
phase PAH was consumed within 10 déys of test initiation. However, when sediment
samples where analyzed at the final time point a significant residual amount of 2- & 3-ring
PAH remained (14.8 ug/g). This residual accounts for approximately 58% of the initial 2- &
3-ring PAH sediment oad. By day 5 of these tests the redox indicator began to go colorless
in the oxygen amended microcosms indicating oxygen was becoming limiting. At this time
10 milliliters of the microcosms headspace was exchanged with oxygen gas.

These results suggest that, (1) PAH degradation in aerobic waters may be quite
rapid, and (2) the rate of PAH biodegradation in the aqueous phase exceeds the desorption
rate of these compounds from the sediments, and that supplementation of groundwater with
oxygen may rapidly treat dissolved phase constituents. Several factors unique to the
microcosms may contribute to these results. First, oxygen delivery efficiency is going to be
much higher than will be observed under field conditions. Second, microcosms are static
batch tests and therefore the levels of microorganisms that may develop in the aqueous
phase will exceed that of in situ groundwater. Therefore, the higher biomass loads in the

Pelorus EnBiotech Corporation ' ] 12
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microcosms create a bias in rates and efficiencies. Third, even though these rates are high
it appears that oxygen limitation may still have been a factor during these tests.

Figure 1: PAH (Z 2-Ring to 3-Ring) Degradation Trends in Aerobic
Microcosm Screening Test
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While these results are encouraging they do not provide an indication of the rate at
which the sorbed contaminant mass will biodegrade. Aerobic serum microcosm bottle tests
are not an effective system for evaluating aerobic biodegradation of the sorbed contaminant
mass. A optimum system for tracking the degradation of the sorbed contaminant mass
under aerobic conditions will allow for a larger treatment volume that can accommodate
repeated sediment sampling. In addition the system should allow for oxygen delivery on
demand so that the system never becomes oxygen limited and should allow for removal of
carbon dioxide so that inhibitory levels do not deveiop.

Vinyl Chioride Microcosms

- Vinyl chioride levels in the Sterile Control microcosms remained relatively constant
throughout the 21 day duration of the test {Figure 2). This result suggests that the

Pelorus EnBigtech Corporation _ ) 13
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sediments and groundwater had been effectively sterilized by the sterilization procedure
employed. These results also suggest that the system integrity was more than adequate in
preventing the escape of fugitive volatile emissions from microcosms during the test
program. Furthermore, it demonstrates that repeated headspace sampling had little if any
impact on the vinyl chloride levels results through the duration of the testing program.

Figure 2. Vinyl Chloride Degradation Trends in Aerobic Microcosm
Screening Test
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Onset of vinyl chloride biodegradation in Active Unamended microcosms o_oclurred .
over a seven-day time-period suggesting that acclimation of the microbial populations- was
occurring (Figure 2). Acclimation is the period required for induction of biodegradative
enzymes and/or the growth of microbial populations to sufficient density for significant
contaminant mass removal to be discernable. Over the duration of the test 22.5% pf the
initial vinyl chloride present was degraded. The first order aqueous phase rate constant for -
this unamended activity is -0.0184 day™” and was derived from the best-fit trend iine for the
data series (Figure 2). Over the duration of this test it was observed that the redox indicator
dye began to go colorless, indicating oxygen depletion.' between day 14 and 21 of the test

Pelorus EnBiotech Corporation ’ 14
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program. Based on this data, the vinyi chloride half-life under oxygen limiting conditions is
on the order of 37.7 days.

In the Oxygen Amended microcosms, the acclimation appeared to be considerably
reduced to three—déys before onset of significant biodegradation was observed. During the
21 day test period 56.4% of the vinyl chloride mass appears to have been biodegraded.
The first order aqueous phase rate constant for this oxygen-enhanced process is -0.0487
day™” and is approximately 2.5 times faster than the Active Unamended rate. The half-life of
for vinyl chloride in these oxygen-enhanced microcosms is approximately 14.2 days. During
the test, the redox indicator dye went colorless in the Active Control series. The oxygen
amended microcosms had a significant change in the intensity of the color and where |
supplements with 5.0 mis of additional oxygen on day 5 of testing, after which the color
appeared to diminish slightly. |

These results suggest that a robust vinyl chloride biodegradation potential exists in
the impacted site materials from this area of the plume. It further suggests that the aerobic
biodegradation potential is stimulated and enhanced by the addition of supplemental oxygen
to the system. |

Conclusions.

The screening test results provided a quick insight into the biodegradative potential
of the site sediments, while providing an assessment of the feasibility of the test systems to
support the desired data collection necessary to.accurately quantify this biodegradative
potential. Based on the screening resuits Pelorus Environmental & Biotechnology |
Corporation modified testing protocols to accommodate the constraints imposed by the
nature of the site materials. '

Aerobic PAH Biodegradation

Results of the PAH screening test suggest that serum microcosm bottie tests will not
be an adequate system for assessing the aerobic bioremediation potential of the site
sediments and groundwater due to the high oxygen demand of the sediments. Furthermore,
assessment of the bioremediation potential, using measures of the aqQueous phase or even
headspace vapor phase will likely lead to a gross overestimate of the biodegradation
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potential. This conclusion is based on the fact that, the aqueous phase hydrocarbon levels
are rapidly depleted by biological activity. Based on the results of the screening test it was
determined that a respirometer test system would provide a number of advantages over
microcosm serum bottles for accurately assessing PAH biodegradation potential.
Therefore, further testing of the DNAPL sediments was performed using an N-Con Systems,
Comput-Ox Respirometer. These tests are the subject of Section 4 of this report.

Vinyl Chioride Biodegradation

The serum bottle microcosms were an adequate system design for assessing
aerobic bioremediation potential of impacted site materials. The nature of the substrate
makes it conducive to vapor phase sampling and analysis of microcosm headspace to
evaluate trends in contaminant biodegradation. One probiem encountered during the
screening test is related to the vinyl chloride gas purchased for supplementing microcosms
to achieve levels commensurate with site conditions. [n order to stabilize or preserve vinyl
chiloride low levels of phenol (5%) are added to the gas cylinders. It is well documented that
certain phenol degrading microorganisms will cooxidize vinyl chloride. Therefore, the results
observed during the screening test may be compromised due to the presence of low levels
of phenol (~125 ug/L).

Pelorus Environmental & Biotechnology Corporation developed a process to remove
phendl from the vinyl chloride gas used to supplement microcosm groundwater. This
process involves running the gas through a silica gel cartridge to adsorb the phenol from the
gas stream prior to addition to'the test systems. The treated gas is prepared and stored in a
1.0 liter Tedlar bag immediately prior to use. Anaiysis of the treated vinyl chloride gas by
GCMS and by GCFID indicated that phenol had been effectively removed from the gaseous
vinyl chloride substrate.

To obtain a more legitimate assessment. of the vinyl chioride bioremediation
potential, the decision was made to run serum-bottie microcosm tests scaled to a larger
reactor size and rerun with the processed vinyl chloride substrate. In addition, to minimize
the rate of oxygen depletion in microcosms during the test, a lower soil to groundwater ratic
should be evaluated. Fresh groundwater was requested and supplied from the site by the
Forrester Group. The results of these activities are the subject of Section 5 of this report.

S T Gm O N SN G =N an = e
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SECTION 4: RESPIROMETER TESTS FOR ASSESSMENT
OF AEROBIC PAH BIODEGRADATION

Based on the results obtained from the screening tests it was determined that the
evaluation of PAH biodegradation potential would be best performed in a laboratory
respirometer system. Pictures of the respirometer reactor and a description of the
components are shown in below.

Sampling Ports (Red/Yellow)
Oxygen Gas Delivery Line

CO, Trap Access Port (Black)

CO, Trap

Sediment/Groundwater Slurry

There are a number of advantages associated with the use of this type of system.
First, as with serum-bottle microcosms the test matrix materials are completely sealed within
the reactor so that fugitive emissions can be limited. The reactors have a 400-milliliter
capacity meaning that larger volumes of test materials can be used thus reducing replicate
variability resulting from matrix heterogeneity. Sampling ports on the reactor cap allow for
removal of headspace samples and aqueous phase samples without opening the reactor.
Once the contents have been added to the reactor it is placed in a temperature controlled
water bath and the flexible tubing connected to an oxygen delivery manifold. Under
computer control, metered pulses of oxygen are delivered to the reactor as needed. The
delivery of oxygen is triggered by a pressure drop within the reactor that results as carbon
dioxide is scrubbed from the gas phase in a sodium hydroxide trap (Inner reservoir). Spent
alkaline trapping solution can be removed and replenished from an access valve in the
reactor cap. The water bath can hold up to twelve reactors simultaneously and each reactor
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compartment is equipped with a magnetic stirrer for mixing the reactor contents during
testing. With sediment “slurry* systems magnetic stir bars are not effective for mixing and
therefore the reactor contents are normally mixed by manually agitating the reactors every 8
hours. The computer software continuously records the data and plots the oxygen
consumption throughout the duration of the test.

Experimental Design

Two respirometer tests were performed with the DNAPL area site materials. This
decision was driven by the fact that after homogenization of site samples the 2- and 3-ring
PAH profiles tested lower (Table 1, Section 1) than what site characterization data
suggested should be present (Table 4 below). Therefore, one test was performed with |
sediments as received and in the other test sediments were spiked with a cocktail of 2- and
3-ring PAH to achieve target levels more consistent with the site characterization data. The
first test was designated Respirometer: PAH Test # 2 to distinguish it from the screening test

(Test #1). Respirometer testing on PAH spiked sediments is desighated as Respirometer:
PAH Test #3

Table 4. Summary of Site Characterization Data for 2 and 3-Ring PAH Concentrations in
Sediment and Groundwater.

Pond Surface Water & Initial Sediment Boring Data
Groundwater Data
Parameter Name Units | 33-MW6EFP | Units | 33-B16 33-B25
(16-17) | {17 -18)
2-Methyinaphthalene | pg/L 28 mg/Kyg 100 1300
Acenaphthene Hg/L 130 myg/Kg 79 530
Acenaphthylene | pall 6 mg/Kg 42 55
Anthracene nafl 18 mg/Kg 48 350
Fluorene po/l 52 mg/Kg 32 340
Naphthalene Ho/L 140 mg/Kg 77 1800
Phenanthrene pg/L 84 mg/Kg 220 1400
lerene Ha/L. 11 mg/Kg 150 1100
Pelorus EnBiotech Corparation 18
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Respirometer: PAH Test #2

A series of twelve respirometer reactors were established to evaluate four conditions
in triplicate. Table 5 summarizes the testing matrix and describes in general terms the
treatments evaluated. With the exception of the Active Controls, all reactors were supplied
oxygen on demand by connecting each to the respirometer manifold. The active controls
were sealed with a solid screw cap and rubber gasket seal that prevented emissions of
vapors or diffusion of air into the reactor headspace.

Table 5. Respirometer: PAH Test #2 Treatment Matrix Description

TREATMENT DESIGNATION DESCRIPTION
. OPS-A Autoclaved sediments & groundwater.
Sterile Control OPS-B Oxygen supplied on demand.
: OPS-C No amendments.
oo OPA-A Site sediments & groundwater.
Active Control OPA-B Headspace refreshed at designated
OPA-C sampling intervals. No amendments
OPO-A Site sediments & groundwater.
Oxygen Amended OPO-B Oxygen supplied on demand.
OPO-C
. OPON-A Site sediments & groundwater.
Oxygen/Nutrient Amended OPON-B. Inorganic nutrients (N,P, S, K & Fe)

OPON-C Oxygen supplied on demand.

Each respirometer reactor received approximately 175 grams of homogenized
DNAPL area sediments.  Groundwater that had been collected from 33-MWEFP was
supplemented with the reduced form of the redox indicator resazzurin, a dye that turns pink
in the presence of oxygen, and then divided into two batches. One batch was aerated for
fours to achieve dissolved oxygen levels in the range of 7.3 to 8.5 mg/L.. Two hundred
milliliters was then dispensed into each of the reactors from the Sterile Control, Active
Control, and Oxygen amended series. The second batch of groundwater was similarly
aerated except that an inorganic nutrient cocktail was added to provide the foilowing final
concentrations of inorganic salts:

» NO; 25 mg/t.
v PO, 100 mg/L
» SO, 50 mg/L

Fe, K,Mg 5.0 mg/L each
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Two hundred milliliters of the aerated and nutrient supplemented groundwater was then
added to each reactor of the Oxygen/Nutrient series. The reactors were then placed in the
respirometer water bath at 20° C and attached to the oxygen delivery manifold. Prior to
initiation of testing the reactors in the Sterile Control series were sealed and submerged in a
tub of water and then autoclaved for 3-two hour cycles at 125° C @ 15 psi. The reactors
were allowed to sit for period of 24 hours between cycles to aflow for the germination of
bacterial spore producers.

Reactors were sampled approximately every two weeks based on the overall
biodegradative performance. The actual sampiing‘ events occurred at; Ty, T1s, Tz, T4 and
Teo days. The sampling procedure involved allowing the sediments to settle and decanting
the aqueous phase into a 20 ml graduated cylinder. Two duplicate 40 ml samples were
collected in sulfuric acid preserved VOA vials and archived at 10° C. Approximately 10
grams of sediment were removed and placed in 40 ml sample extraction vials. Once the
sediment samples were removed the liquid phase was replenished with 80 mis of fresh
groundwater, the reactors sealed, mixed and placed back into service on the respirometer.
(Note: The liquid phase concentrations of naphthalene, 2-methylnaphthalene and
phenanthrene were essentially non detectable by the T,; sampling point. Thereafter
aqueous phase sampling was abandoned as being of no value). A summary of the all the
analytical data results for Respirometer: PAH Test #2 is presented in Table A-1 of App'endix
A

Results & Discussion

Oxygen uptake profiles for each of the‘ treatment series, (Sterile Control/OPS,
Oxygen Amended/OPO, Oxygen/Nutrient Amended/OPON) is presented in Figure 3. The
overall trends in oxygen uptake suggest that the oxygen and nutrient supplemented
treatment (OPON-Series) was the most biologically active, followed by the oxygen
supplemented (OPO-Series). Unexpectedly the sterile control (OPS-Series) began to
exhibit activity after about 21 days. The results of the sterile may be due to cross
contamination’ during sampling or more likely the germination of spore forming

. microorganisms that survived the sterilization procedure. The respirometer port for one of

the oxygen amended treatments (OPO-A) developed and electrical relay problem and
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stopped transmitting data. It did however continue to receive oxygen as the solenoid sensor
was still functional.

Figure 3. Oxygen Uptake in Ogden PAH Respirometer #2
Microcosm Study.

40 —
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Time (days)

The PAH trends followed the same general trend as observed with the oxygen
uptake rates (Figure 4). The highest efficiencies and rates of biodegradation were
associated with those reactors receiving the highest oxygen supplements. Total 2- and 3-
ring PAH biodegradation efficiencies in the Active Control series were on the order 32.6%
with a first-order sediment biodegradation rate of -0.0054 day”'. These results suggest that
under oxygen limiting natural attenuation conditions in situ, the total PAH's may have a half-
life that is on the order of 128 days. PAH biodegradation rates in the Oxygen Amended
series are five-fold higher than the Active series, with a first-order sediment biodegradation
rate for total PAH biodegradation of -0.0223 day’' or half-life of 31 days assuming that
oxygen is not limiting. Inorganic nutrient supplementation along with oxygen amendment
contributed to a 30% higher rate of biodegradative activity. The rate constant under these
conditions was -0.0319 days™ for total PAH or half-life of 21.7 days. Trends of the target
PAH constituents; naphthalene, 2-methylnaphthalene and phenanthrene are illustrated in
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Figures 4-a to 4-¢ (Appendix B). Oxygen supplementation significantly stimulated the rates
of biodegradation of each of these target constituents over the natural rates under oxygen
limiting conditions {Active Control).

Figure 4. Total (2 & 3-Ring) PAH Biodegradation During -
Respirometer: PAH Test #2
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Phenanthrene trends offered interesting insights into the dynamics and selectivity of
substrate utilization. Active Control microcosms had little if any phenanthrene degradation
based on a comparison with the Sterile Control series {Figure 4-c, Appendix B). However,
naphthalene and methylnaphthalene both biodegraded in the oxygen, and nutrient
suppiemented microcosm series. The small differences in rates of bicdegradation between
the oxygen and oxygen/nutrient amended series may be an indication that mass transfer is
the dominant factor at the concentrations of these constituents in the sediment. Table 6
summarizes the first order rates and degradation efficiencies for each of the target PAH
constituents in this test. Phenanthrene is the slowest degrading constituent and can
therefore be used as the conservative indicator of remediation progress. Under the oxygen
limited natural attenuation condition (Active Control) a half-life of 266 days is expected for
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phenanthrene biodegradation. With oxygen supple'mentation the half-life for phenanthrene

is 34 days almost an order of magnitude increase in rate.

Table 6. Summary of First-order rate constants and biodegradation efficiencies of target
PAH constituents during Respirometer: PAH Test #2.

TREATMENT Naphthalene Methylnaphthatlene | Phenanthrene |
SERIES Rate Efficiency Rate Efficiency Rate Efficiency
(day”) % (day”) % (day”) %
Sterile Control -0.0039 19.1% -0.0036 22.4% | -0.0021 13.4%
Active Control | -0.0086 41.1% -0.0114 55.3% { -0.0026 | 20.4%
Oxygen -0.0236 78.6% -0.0219 74.6% | -0.0204 | 74.6%
Oxygen/Nutrient | -0.0367 89.5% -0.0264 83.5% | -0.0262 | 82.0%

Experimental Design

Respirometer: PAH Test #3

Three respirometer reactors were established to evaluate the effect of higher target

PAH loadings on aquifer sediments. Table 7 summarizes the testing matrix and describes in

general terms the treatments evaluated. With the exception of the Active Controls, reactors

were supplied oxygen on demand by connecting each to the respirometer manifold. The

active controls were sealed with a solid screw cap and rubber gasket seal that prevented

emissions of vapors or diffusion of air into the reactor headspace.

Table 7. Respirometer: PAH Test #3 Treatment Matrix Description

TREATMENT DESIGNATION DESCRIPTION
. OPS Autoclaved sediments & groundwater.
Sterile Control Oxygen supplied on demand.
No amendments.
. OPA Site sediments & groundwater.
Actwe Control Headspace refreshed at designated
sampling intervais. No amendments.
. OPON Site sediments & groundwater.
Oxygen/Nutrient Amended Inorganic nutrients (N,P, S, K & Fe)
Oxygen supplied on demand.
Pelorus EnBiotech Corporation 23
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Each respirometer reactor received approximately 175 grams of homogenized
'DNAPL area sediments that had been spiked with a PAH cocktail to achieve the following .
target values:

a  Naphthalene 40 mg/Kg
= 2-Methyinaphthaiene 50 mg/kg
=  Phenanthrene 100 mg/Kg

The cocktail was prepared in diethyl ether and applied to homogenized sediment using a
spray mister. Sediment was weighed into a large aluminum rhixing bowl and the ether
solution sprayed onto the surface of the soil as it was being manually mixed. The ether
rapidly evaporates and generates a fine particulate mist that coats the soil. After the
designated amount of cocktail had been applied and mixed into the sediments they were
allowed to weather for a period of 30 days under refrigeration prior to testing.

Groundwater was prepared as described above for Respirometer: PAH Test #2.
Two hundred milliliters was then dispensed into each of the reactors; the Sterile Control,
and Active Control. The Oxygen/Nutrient amended reactor was -supplemented with

“groundwater containing the inorganic nutrient cocktail to achieve the following final solution

concentrations:
» NO; 25 mg/L
s SO 50 mg/L
» Fe, K, Mg 5.0 mg/L each

The decision to test only the oxygen/nutrient amendment against the active control in this
test was due primarily to the higher loadings of PAH that warranted nutrient
supplementation, and the fact that in Respirometer: PAH Test #2, nutrients provided a
marginal (10 to 14 %) increase in extent of biodegradation but a significant (20-55%) rate
enhancement. Therefore, the effects of higher PAH loading could be isolated from oxygen
and nutrient limitation by comparing results of the oxygen/nutrient supplemented treatments
between Test #2 and Test #3.

After the reactors had been filled and baseline sampled they were placed in the
respirometer water bath at 20° C and attached to the oxygen delivery manifold. Prior to
initiation of testing the Sterile Control reactor was sealed and submerged in a tub of water
and then autoclaved for 3-two hour cycles at 125° C @ 15 psi. The reactor was allowed to
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_sit for period of 24 hours between cycles to allow for the germination of bactérial spore |
producers. |

Reactors were sampled approximately every two weeks based on the overall
biodegradative performance. The actual sampling events occurred at; Ty, Tis, T2g, and Taq
days. The sampling and analysis procedure was identical to that described above for
Respirometer Test #3. A summary of the all the analytical data results for Respirometer:
PAH Test #2 is presented in Table A-2 of Appendix A.

Results & Discussion

Oxygen uptake- rates were significantly higher in than the previous test because of
the higher concentrations of 2-ring and 3-ring PAH spiked into the test sediments. As
previously observed the Sterile Control begins to become active, in this case after about 15
days (360 hours) and after approximately 35 days (850 hours) is highly active (Figure 5).
Microbial analysis of an aqueous phase sample from the sterile control by serial dilution
plating on nutrient agar showed the presence of microbial population density of 4 x 10°
colony forming units per ml. Based on colony morphology and microscopic examination of
cells from individual colonies it was determined that a high percentage (~70%) were Bacillus
and Actinomycete type organisms both of which are spore forming organisms.

Figure 5: Oxygen Uptake in Ogden PAH Respirometer: PAH
Test #3
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Ahalj(sis of sediment samples for the target 2-ring and 3-ring PAH throughout the duration of
the test provided data indicating that higher rates of biodegradation were occurring in the
Oxygen/nutrient amended system as compared to the Active system receiving no
aniendments (Figure 6). Under the oxygen limited or natural attenuation condition (ie.,
‘Active Control), the observed first-order sediment biodegradation rate constant for total
“target PAH (i.e., the sum of 2-ring and 3-ring PAH) biodegradation was -0.0284 day™ with an
overall treatment efficiency 64.2%. The oxygen plus nutrient amended treatment resulted in
91% increase the first-order sediment biodegradation rate (-0.0543 day™) over the oxygen
limited natural rate (Active Control). Because of this enhancement of biodegradative
activity, the nominal treatment efficiency for total PAH increased to 90.4% and the half-life
went from 24 days to approximately 13 days.

Figure 6. PAH (2- & 3- Ring) Biodegradation Trends During
Respirometer: PAH Test #3
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Trends of the individual target PAH constituents; naphthalene, 2-methylnaphthalene
and phenanthrene are illustrated in Figures 6-a to 6-¢c (Appendix C). Oxygen
supplementation significantly stimulated the rates of biodegradation of each of these target
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constituents over the natural rates under oxygen limiting conditions (Active Control). A
summary of the first order rate constants and biodegradation efficiencies for the target
PAH's, naphthalene, 2-methylnaphthalene and phenanthrene are presented below in Table
8.. As was observed previously, phenanthrene is the target PAH that degrades the slowest

“and therefore represents the rate limiting constituent in a potential enhanced bioremediation

program.

The net effect of the higher PAH loading on sediments is that the enhanced rates of
biodegradation are 1.5 to 3-fold higher than that observed at a 10-fold lower initial PAH
concentration as in Respirometer: PAH Test #2. In the Active Control or oxygen-limited
situation, the effects of a 10-fold higher initial PAH level are more pronounced with the first-
order rate constants ranging from 2 to 8-fold depending on the PAH. These resuits are
consistent with basic principles of enzyme or bacterial reaction kinetics, where the rate of
the reaction is a function of the rate limiting substrate concentration.

Table 8. Summary of First-order rate constants and biodegradation efficiencies of target
PAH constituents during Respirometer: PAH Test #3.

TREATMENT Naphthalene Methylnaphthalene { Phenanthrene
SERIES Rate Efficlency Rate | Efficiency Rate Efflciency
(day”) % (day”) % (day™) %
Sterile Control -0.0002 0% -0.0007 0% -0.0002 0%
Active Control -0.0538 81.8% -0.0232 65.3% -0.0211 56.4%
Oxygen/Nutrient | -0.1072 | 97.9% -0.0874 98.6% | -00383 | 822% |
Conclusions

The DNAPL area of the UPRR Ogden Site has an active population of indigenous
microorganisms that possess the capability of biodegrading the target two and three ring
PAH constituents impacting groundwater quality flowing towards the 21 Street Pond.
These bench scale microcosm and respirometer tests focused on naphthalene, 2-
methylnaphthalene, and phenanthrene due to their higher solubility and mobility in
groundwater compared to the less water-soluble PAH constituents in diesel and coal tar.
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Under oxygen- limited conditions these target PAH constituents naturally bicattenuate, the
specific mechanisms not defined in the present studies studies. However, it has been
documented in the scientific literature, and therefore the precedent established, that both
naphthalene and phenanthrene can be anaercbically degraded under sulfate redticing
conditions. Based on work performed with monoaromatics hydrocarbons, under oxygen
limited conditions it is feasible that some of the available oxygen may be inserted into these
PAH molecules to form hydroxylated intermediates (i.e., substituted aromatic acids and
phenols). Once formed the resonance structure of aromatic ring system is destabilized,
making these molecules easier to mineralize through micro-aerophilic processes such as
denitrification and iron reduction or by anaerobic sulfate reduction and methanogenesis.

The presence in site sediments and groundwater, of aerobic microorganisms that
can grow on naphthalene, 2-methyinaphthalene and phenanthrene as their sole source of
carbon and energy suggests that this site is well acclimated biologically to the target
constituents. Substantial biodegradation enhancement of the target PAH constituents by
the addition of oxygen to the system suggests that oxygen and perhaps other terminal
electron acceptors are limiting the natural attenuation process.
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Under oxygen limited conditions these target PAH constituents naturally bioattenuate, the
specific mechanisms not defined in the present studies studies. However, it has been
documented in the scientific literature, and therefore the precedent established, that both
naphthalene and phenanthrene can be anaercbically degraded under sulfate reducing
conditions. Based on work performed with monoaromatics hydrocarbons, under oxygen
limited conditions it is feasible that some of the available oxygen may be inserted into these
PAH molecules to form hydroxylated intermediates (i.e., substituted aromatic acids and
phenols). Once formed the resonance structure of aromatic ring system is destabilized,
making these molecules easier to mineralize thro'ugh micro-aerophilic processes such as
denitrification and iron reduction or by anaerobic sulfate reduction and methanogenesis.

The presence in site sediments and groundWater, of aerobic microorganisms that
can grow on naphthalene, 2-methylnaphthalene and phenanthrene as their sole source of
carbon and energy suggests that this site is well acclimated biologically to the target
constituents. Substantial biodegradation enhancement of the target PAH constituents by
thé‘ addition of oxygen to the system suggests that oxygen and perhaps other terminal
eléctronl acceptbrs are limiting the natural attenuation process. Results of these tests
therefore support the potential for technolegies such air sparging or other oxygen delivery
processes as remedial alternatives to facilitate more rapid in situ biotreatment of target PAH
constituents.,
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| SECTION 5: MICROCOSM TESTS FOR THE EVALUATION

OF AEROBIC VINYL CHLORIDE BIODEGRADATION

" - Microbial characterization of site sediments.using a selective plate count media and
vinyl chioride as the sole carbon and energy source indicated that a population of vinyl
chloride degrading crganisms may be present. However, these organisms appear to be
fastidious as they do not appear to grow well on this substrate under the selective conditions

'used. Initial serum-bottle microcosm tests also suggested that site sediment and -

groundwater contained an indigencus population of microorganisms with the metabolic
potential to degrade vinyl chloride under aerobic conditions. What could not be determined
from the initial screening test was whether the microbial populations aerobically biodegraded
vinyl chloride as source of carbon and energy for growth, or whether it was co-oxidatively
metabolized due to the presence of a primary growth substrate such as phenol or some
other metabolic activator molecule (i.e., aromatic hydrocarbon, methane, propane, butane,
ammonia). To confirm that the site areas impacted with vinyl chloride contained
microorganisms that could be stimulated to bibremediate dissoived plume impacts by

oxygen supplementation, a more thorough microcosm test was performed.

Experimental Design

The overall experimental design with respect to treatments evaluated wen;e identical
to that described in the screening test. Microcosm tests were performed in triplicate for each
of the specified treatments, which consisted of: '

= Sterile Control- Assess abiotic losses
s Active Control- Simulates/assesses the natural oxygen limited condition
* Oxygen Amended- Simulates potential for oxygen enhanced bioremediation

The only substantive changes to these studies were the size of the serum-bottle
microcosms. Tests were scaled-up to be conducted in 200 milliliter screw cap Quorpak
bottles. For these screening tests, sediment and groundwater from vinyl chloride impact
areas as defined by boring 34-B from which sediment for testing was collected.
Approximately, 100 grams of homogenized sediment was added to each microcosm bottle.
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Aerated groundwater supplemented with redox indicator dye (i.e., resazzurin) was prepared
as previously described and then spiked with the filtered vinyl chloride gas to achieve a
solution concentration of approximately 1000 ug/L. One hundred and fifty milliliters of the
vinyl chloride spiked groundwater was added to each of the microcosm test bottles. The
bottles were sealed with screw cap Mininert valves that allow for repeated sampling of
headspace without the destruction of a Teflon lined rubber septum. Below is a picture of the
completely assembled microcosm showing the Mininert valve caps and the color of the
redox dye supplemented groundwater when dissolved oxygen is present.

Mininert Valve Caps
= Septum
= Open/Close Valve

Headspace

Oxygenated
Groundwater &
Reaction of Redox Dye

Aquifer Sediments

The headspace volume represents 10% of the total microcosm volume (i.e., 20 ml)
that was left available as a means of supplying oxygen as well as a means of sampling for
volatile constituents to analyze the extent of biodegradation.

Sterile microcosms where prepared by autoclaving the bottles after sediment had
been added, and then partially screwing the Mininert valves caps on loosely. Groundwater
for the sterile microcosms was not aerated or supplemented with the redox indicator dye
and was sterilized in a separate container. Once sterile the groundwater was aseptically
transferred to a sterile 1.0-liter gastight syringe and supplemented with vinyl chloride gas to
achieve the target concentration of 1000 ug/L. The sterile supplemented groundwater was
injected in to the sterile sediments and microcosm bottles then sealed with the Mininert
valve caps.
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The headspace of oxygen-amended microcosms was supplemented with 15
milliliters of pure oxygen using a gastight syringe to inject the gas through the Mininert valve
septum. To maintain similar pressures within all microcosms, unamended (Active Control)
microcosms were injected with 15 milliliters of air while sterile microcosms were injected with
15 mis of nitrogen gas.

All microcosms were maintained at a constant temperature of 20° C by incubation in
a temperature-controlled incubator. Sampling was performed over a period of 24-days at
the designated time intervals {0, 2, 6, 16, and 24 days) and vinyi chloride analysis performed
immediately upon sampling as previously described.

Results & Discussion

Visible onset of vinyl chloride biodegradation occurred within three to six days in both
the Active Control (ACT-Series) and Oxygen Amended (OXY-Series) in the serum-bottle
microcosm tests (Figure 7). These resuits suggest that an acclimated population of
microorganisms is present in site groundwater and sediments that has the capacity to
biodegrade vinyt chloride aerobically. Sterile Controis exhibited an overall ioss of
approximately 70% of the added Vinyl chloride during testing. An evaluation of the microbial
population levels indicated that the sterility of the control microcosms was maintained for the
duration of the test. Therefore, the observed declines in vinyl chloride levels are not likely to
be due to microbial activity. Most of the vinyl chloride loss in the controls occurs within the
first 5 days of the test. Another possible explanation is that equilibrium partitioning between
the phases within the microcosm occurs during this period resulting in an apparent loss of
the vinyl chloride.

Active control microcosms exhibited a 99.4% reduction in vinyl chloride levels most
of this occurring during the first five days of testing after which activity appeared to become
asymptotic. During this period, the redox indicator dye became very faint to colorless in
these microcosms suggesting that oxygen may have become rate limiting. Support for this
hypothesis comes in part from the trends observed for vinyl chloride in the Oxygen
Amended microcosms where, the vinyl chioride levels continue to decline through the
duration of the test reaching an asymptote at the detection limit of 0.05 ug/L.
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Figure 7. Vinyl Chloride Biodegradation Profiles During

Microcosm Testing
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An analysis of these trends was performed by fitting an exponential curve-fit to the
microcosm data and determining the first-order rate for the observed reactions (Figure 8).
To account for abiotic processes that may be occurring in the systems the first-order rates
were corrected for the viny! chloride loss in the Sterile Controls. Table 3 summarizes the

kinetic analysis of the microcosm test data.

Table 9. Summary of the first-order kinetic anaiysis of vinyl chloride data trends during the

serum-bottle microcosm testing.

TREATMENT Vinyl Chloride
SERIES Rate Sterile Control Half-life
(day”’) Corrected (Days)
Sterile Control -0.1919
Active Control -0.2963 -0.1044 6.6
Oxygen/Nutrient -0.6177 -0.4258 16
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It is apparent from the microcosm tests that indigenous populations of
microorganisms have acclimated to the presence of vinyl chloride and are actively
degrading this constituent in the sediments and groundwater. While the individual
microorganisms have not been isolated and purified presumptive evidence of their existence
was observed from the plating of site samples on selective media with vinyl chloride as the
substrate.

Figure 8. First-order Rate Trends for Vinyl Chloride
Biodegradation in Microcosm Tests
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40000.00
s Sterile Control
000.00 y = 1358.9 01919
. R®=0.9713
% 100.00 r
3
";’ o
2 0.00 . Active Control
g 10 \. y = 676-069'0-2”3!
§ R =0.761
é 1.00
0.10 Oxygen Amended
A A y = 1160.40 08177
Note: Data points represent the average valuas from replicate R= 0.9704
{3) microcosms .
0.01 T T T —
0 5 10 15 20 25
Days
Pelorus EnBiotech Corparation 33




APPENDIX A

. Microcosm & Respirometer Test Analytical Results



Table A-1. Summary of Gas Chromatographic/FID Analytical Raw Data for Respirometer Test # 2

OPS-A-s-1
(OPS-A-5-2
OPS-A-5-3
(OPSobe-4
OPS-A-8-5

OPS-B-5-1
OPS-B-5-2
OPS-8-5-3
OPS-B-5-4
OFS-B-5-6

OFS-C-g-1
OPS-C-3-2
OFS-C-5-3
OPS-C-s4
OPS-C-5-5

CPA-#-5-1
OPA-A-5-2
CPA-A-5-3
(P Afiagd
(OPAA-5.5

OPA-B-5-1
CFA-B-5-2
OPA-B-5-3
(OPA-B-3-d
(OPA-B-5-5

OPA-C-5-1
(OPA-C-5-2
OPA-C-5-3
(OPA-C-5-4
(OPA-C-8-5

OPQ-A-5-1
OPD-A-5-2
OROwhe53
OPO-Au5d
OPO-A5-5

OPQO-B-5-1
OPO-B8-5-2
OPO-B-5-3
OPO-B5.4
OPO-B-5-5

OPOC-5-1
OPQ.C-5-2
OPO-C-5-3
CPO-C-5-4
(OPO-C-5-5

OPON-A-5-1
OPON-A-5-2
DPON-A-5-3
OPOMN-As-4
OPON-A-5-5

OPON-8-3-1
OFON-B-5-2
(OFPON-B-5-3
(OPON-B-s-4
OPON-B-5-5

OPON-C-8-1
(OPON-C-5-2
OPON-C-5-3
CFON-C-3-4
OPON-C5-5

|SAMPLE

SAMPLERSAMPE
ORY WET

TOTAL EXTRACTED
MASS PAH (ug)

PAH CONCENTRATION O.W.

jup/mg)

PAH CONCENTRATION W.W,
fug/mg)

NP ZMNP PHN

NP 2-MNP PHN

'EXTRACT
WEIGHT |[WEIGHT] CONCENTRATION PAH
OAY. (mo) | imo) fogie)
NP 2-MNP PHN
Sterite Controf
L] 1199 1 1506 | 58.33 83.01 2514
12 | 1146 | 1408 | 5396 74,99 2595
28 11.4 14,1 4675 £3.20 2219
a4 12.87 1574 40.971 75.60 22.22
&0 10.87 1343 4775 5579 2202
a 1321] 1562 | 7307 972 2.8
13 1134] 1399 48,88 65.45 2501
8 1201] 1474 8319 £330 2713
a4 11.47] 1418 51.52 8203 2477
60 107 328 | 4824 76.73 .05
o 472 1521 | 8947 10428 3782
13 1263] 154 73.05 70,36 333
26 11.43] 1386 G247 57.66 26.36
a4 1049 1293 52,26 56.69 2597
80 10.98| 13.85 48.49 63,33 2383
Active Controt
1]
13 1219 1565 5911 57.55 27.29
28 125] 1533 5403 40,84 2315
44 124 1551 4635 48.25 18.02
60 1186 1491 3625 39.52 13.64
Q
13 1484 15| 5693 £5.71 24.31
28 12.64 159] 52.26 56,18 24,89
a4 12.83 16] 50.69 5311 2259
80 12.43] 1547] 4375 48.13 16.55
a
13 1.6 14.68] 5327 54,50 20.29
28 1115 13.84) 4540 44,22 21.38
& 11.42 14.12] 39.44 44 85 10.63
60 1132 1482 34871 3851 14,48
Oxygron
¢
13 1283 1582 4218 55.68 583
28 10.63] 1351 3084 34.54 823
44 12.69 14.93I 2873 33.81 4.04
&0 12,66 1e.18] 8.7 30.25 1.72
0
12 15.01 108.52] S2.32 66.67 8.7
28 1.8 14.61] J38.16 40.25 735
44 1217 1492f 2802 28.88 332
-] 1074 1341 1438 20,59 1.67
a
13 1147 14.46] 3541 57.55 F.08
28 11.84 14.74] 36.79 39.45 AL
A 1137] 1538 21.49 29.05 2.89
60 1r.82] 1487 1060 26,04 1.63
Oxygan/Nerients

o
13 1201 142 3573 37.37 582
28 1.6 14.34] 2307 37.98 245
44 1297 1574 1303 26.55 146
80 a7 12.42| 698 527 0.89
0
13 1393 1585} 38.55 37.80 8.37
28 11.65 14.4] 2463 2540 514
a4 1247 1641 1188 24.83 1.82
0 11.85] 1479 &o0 13.47 0.50
¢
13 18| 14.09] 4238 3774 9.88
- 1285 1562 27.55 27.58 3.85
a4 1269 14341 16.49 19.6¢1 1.69
1] 124 1571 737 14.81 ¥, ]

&7 4% 125,86 377t
80,94 11248 38.03
70.18 04.80 33.28
74.86 113.39 3.3
71.62 83.89 3304

109.81 146.72 4%.38
7332 §8.18 37.61
£4.78 9495 40.69
77.88 93.04 37.15
7238 115.09 31.64

13420 158.39 88.73
169.57 10553 49.97
93.7¢1 §6.49 39.54
78.38 85.04 38,85
72.74 95.00 J5.30

Active Contro!

Bg.65 86.33 40.03
82.3¢9 74.78 34.72
69.62 72.38 27.93
54.38 59.28 20.46

85.40 B3.56 36.48
79.30 84.27 734
76.04 79.66 33.88
a5.62 72,19 24.83

79.91 a1.74 30.43
6a.11 66.33 32.04
59.16 67.34 27.94
§2.21 577 21,72

Oxygon

83.26 83.52 13.25
48.41 82.25 2.35
40.09 50.71 6.08
25.18 45.37 2.58

78.48 103.00 13.06
57.24 60.37 .02
30.03 4333 4.08
21.54 30.68 281

5311 8633 10,62
5519 59.18 10.66
3223 44.94 433
15.88 3005 2.44

Quxygen/Nurients

53.5¢ 56.05 872
.50 56.97 518
18.55 42.82 2.20
9.23 2290 1.03

54.85 58.70 14.00
36.04 38.10 .t
17.53 37.26 273
2.00 20.21 0.78

683.57 58.61 14.84
41.33 41.37 877
2473 2071 253
i1.06 2222 0.92

Starlle Control
730 &as 517
7.06 8.00 538
815 872 541
5.82 7.20 573
&6.59 6.23 502

8.30 5.39 5.95
6.47 702 5.680
7.89 8.44 518
6.79 8.56 547
676 867 468

8.12 10.28 a.22
8.68 6.85 578
820 824 4.82
747 6.58 a2t
a.64 6.58 5.32

Active Control
8.24 a2 578
.27 5.52 5.63
6.59 4.88 527
5.61 4.67 4.09
4.66 3.98 4.39

az4 9.34 5.78
723 5.57 5.04
8.20 5.30 §.02
5.60 4.98 8.74
528 4.67 4.70

8.24 o3 578
6.89 5.56 442
6.1t 479 525
518 477 539
4.61 300 471

Cxygen
8.24 -t ] 578
501 526 265
4.25 3.87 220
318 Sap 192
1.08 28 132

824 934 5.78
523 5.56 2.50
4.85 412 227
a.zt 290 1.55
201 2.3¢ 1.25

&.2¢ 2.34 575
4.63 597 2.28
4.62 4.02 231
2.83 202 153
133 zp2 1.83

Oxygen/Nutrignts
8.24 .34 578
4.46 Are 1.95

301 397 1.72
1.61 2,72 1.37
0.54 1.84 1.09

a.z4 2.34 5.78
414 as57 a7
317 2.65 243
144 2.42 1.94
0.76 1.37 1.00

8.2¢4 .34 578
530 380 275
3.27 265 177
1.85 207 1.30
0.5% 1.41 1.03

Sturile Contro/
58t 8.35 2.50
576 B8.00 270
497 672 238
4.76 720 212
533 623 246

7.02 9.39 316
524 v.02 2.68
6.43 G.44 278
549 8.56 2.62
545 8.67 238

882 10.28 a7
712 8.85 A
678 6.24 2.55
6,00 6.58 91
528 6.86 2.55

Acthve Control
7.22 9.34 3.13
567 .52 2682
5.37 468 226
4.48 4.67 1.80
365 398 1.37

722 0.34 313
5.60 557 2.43
4,93 530 2.35
4.75 4.98 212
4.24 467 1.80

v.22 834 3.13
544 5.56 2907
492 4.7¢ 232
4.19 477 198
.52 350 1.47

Orypen
T2 ) aia
4.00 528 0.64
344 3.87 0.69
289 340 a.qr
1.56 281 0.18

r.22 #.34 313
4.24 5.56 0.70
3.2 4.13 a.75
262 200 0.33
1.8 230 0.19

7.22 .34 313
367 5.97 0.73
3.74 4.02 a.72
216 292 028
1.67 202 a.15

Oxygen/Nutrients
722 M 413
3.59 378 .58
241 397 0.3
124 272 014
s} 1.84 c.o8

722 6.34 313
345 357 .95
2.57 265 0.5
1.14 2.42 0.18
.61 1.37 805

722 9.34 a13
427 3.80 1.00
265 285 237
172 207 .18
o.7¢ 141 .08

Note'" ; Anatysis by GC/FLD, Con

Qgden Respirometer.xs

of anahtes and ion limes comfirmed by GCMS under klentical chrematographic conditions.

Raw Data 2
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Table A-2. Summary of Gas Chromatographic/FID Analytical Raw Data for Respirometer Test # 3

SAMPLE | SAMPLE
DRY WET TEXTRACT

WEIGHT | WEIGHT | CONCENTRATION PAH TOTAL EXTRACTED PAH CONCENTRATION |} PAH CONCENTRATION

SAMPLE| DAY | (mg) {mg) {ugiml } MASS PAH (ug) D.W. {ug/mg ) W.W. (ug/mg )
NP 2-MNP PHN NP  2-MNP  PHN NP  2-MNP PHN NP 2-MNP PHN

Sterite Control Sterlle Control Sterife Controt Sterife Control
OPS0-S| 0 475 6.25] 12596 206826 28512 188.94 30038 47768 3334 5184 BIA7 2587 4084 6492
OPS-1-8] 15 3.56 506] 75.08 8143 17956 11262 12215 269.37 MNe4 M V567 2226 2414 5323
oPsS-2-8| 29 6.32 7.91] 91.04 11515 20544 13655 17273 308.16 2161 2733 4876 1726 2184 3896
OPS-3-5| 41 6.79 B3] 211.76 42219 57034 | 31764 B633.28 85550]| 46.78 93.27 125997 3809 7593 10258

Active Active Active Active
0 33.34 5164 8347 2596 4073 5514
OPA-1-5] 15 4.32 538] 2092 2280 17093 31,38 3420 25640 7.26 7.92 5935 5.83 836 4766
OPA-2-8| 29 8.64 10.76] 28.60 131.08 233.08]| 4290 196.62 34962 497 2276 40.47 399 1827 3249
OPA-3-3| 41 6.30 7.85] 2554 11296 152.74 38.30 169.44 22911 608 2690 3637 488 2158 29019
Oxygen Oxygen Oxygen

[i] 3334 51864 8347 2596 4073 55.14
QOPO-1-8| 15 5.60 8.28] 2521 101.30 135497]| 3782 15195 20396 675 2713 3642 457 1835 2463
oPO-2-5| 29 8.61 10.76] 0.70 4576 191,22 0.70 (864 20683 070 7.97 33.32 8.70 6238 2666
OPO-3-5| 41 6.66 7.85] 0.70 070 8220 070 0.60 123.30 0.70 0.70 1851 0.70 0.70 15.71

NOTE™: Analysis by GC/FID, Confirmation of analytes and retention times performed by GCMS under identical chromatographic conditions.

PAH_GCFID.xis

Raw Data



Table A-3. Summary of GC/PID Analytical Raw Data for Aerobic Viny! Chloride Microcosm Test

Il
Vinyl Chloride "
Sample Date Concentration {ug/L)
_ Headspace Liquid || Data Statistics
SCA 12/10/2002 45093.78 982.44/
12/12/2002 48000.31 969.70]]
12/16/2002 49500.19 1000.00
12/28/2002 5713.74 115.43
1/5/2003 3019277 609.96
Sterile Control Microcosms
SCB 12/10/2002 48322.00 1052.77Q Average STDEV 95% CI
12/12/2002 18127.43 366.218 1118.20 177.76 201.15
12/16/2002 10613.06 214.41 910.99 517.92 586.07
12/28/2002 600.16 39299  444.70
152003 31954.87 645.55 83.568 45.05 50.97
627.90 17.80 20.14
sCcC 12M10/2002 0 65310.28 1319.40]
1241242002 2 69153.91 1397.05 H
12116/2002 6 29010.13 586.06
1212812002 16 2560.40 51.73
1/5/2003 24 31096.00 628.20
ACTA 12/10/2002 0 50884 .82 1027.98§
1211212002 2 31558.32 637.50(
12/16/2002 6 336.82 6.80]]
12/28/2002 16 201.63 4.07
1/5/2003 24 32465 6.56
Unamendad Microcosms
ACTB 12/10/2002 Q 49112.78 992.18}) A STDEV 85% CI
121272002 2 51260.39 4035.56f 1013.50 18.86 21.34
12/16/2002 6 255592 51.63 744 22 255.30 288.89}
12/28/2002 18 1015.16 20.51 29,22 31.70 35.87
1/5/12003 24 509.36 10.29 10.52 8.77 9.93
7.32 2.67 3.02
ACTC 12/10/2002 0 50507.77 1020.36]
12/12/2002 2 27700.00 559.60
12/16/2002 6
12/28/2002 16 345,18 6.97
1/5/2003 24 252,95 5.1
OXYA 12/10/2002 0 50026.72 1010.64
12/12/2002 2 48258.00 974.91
12116/2002 6 1504.15 30.39
12/28/2002 16 383 0.08
1/5/2003 24 2.66 0.05
Oxygen Amended Microcosms
FOXYB 12/10/2002 0 49707 .41 1004.19)| Average STDEV 95% CI
12112/2002 2 33517.82 677.13§ 101412 12.05 13.63
12/16/2002 6 2728.27 55.12 737.21 214,08 24225
12/28/2002 16 3.90 0.08 45.38 1317 14,91
1/5/2003 24 2.54 0 05 0.08 0.0021 0.0023
|‘ 0.05 0.0018 0.0020
OXYC 12/10/2002 0 50862.26 1027.52 “
12/12/2002 2 27700.00 559.60%
12/16/2002 6 2505.87 50.62
12/28/2002 16 403 0.08
1/5/2003 24 2.71 0.05 H
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APPENDIX B

Respirometer: PAH Test #2 — Supplemental Figure’s 4-a to 4-c



Figure 4-a. Naphthalene Biodegradation Respirometer: PAH

Test #2
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Figure 4-b. 2-Methyinaphthalene Biodegradation During
Respirometer: PAH Test #2

# Sterile Control ® Active Control 4 Oxygen Amended @ Oxygen/Nutrient I
10.00
i y = 8.1864¢ 0003
9.00 R?=0.3764
8.00 -
g T y =7.6063¢ 914
o 2 _
E 600 R’=0.7683
S
= 5.00
s
g 400 y = 8.1891¢ %1%
€ R?=0.9623
S 300
2.00
1.00 ‘ y = 7.1194¢ 024
R?=0.895
0900 1 r 1 1 1 L]
0 10 20 30 40 50 60

Days




D T R E SR D T S aGE T Wl ER ER D O B T e

Figure 4-c. Phenanthrene Biodegradation Trends During
Respirometer: PAH Test #2
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APPENDIX C

Respirometer: PAH Test #3 - Suppleméntal Figure’s 6-ato 6-¢
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Figure 6-a. Naphthalene Biodegradation Trends During

Respirometer: PAH Test #3
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Figure 6-b. 2-Methylnaphthalene Biodegradation Trends
During Respirometer: PAH Test #3
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Figure 6-c. Phenanthrene Biodegradation Trends During I
Respirometer: PAH Test #3 | |
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